Surface enhanced second harmonic generation (SESHG) has been observed for the first time from a Pt surface in a < 10 -3 Torr vacuum environment. Both "smooth," mechanically polished Pt surfaces and rippled Pt microstructures prepared by laser microchemical etching in C1 2 (g) were studied with the newly developed technique ofSESHG imaging. The etching procedure and the behavior of the Pt surface under the SESHG imaging conditions is reported in detail. The rippled/smooth enhancement factor for SHG excited with 80 ps, 1064 nm pulses from a cw, mode-locked Nd-YAG laser focused to a 3, I Jim lIe 2 radius ranges from 4 to 17, in qualitative agreement with theoretical calculations for isolated Pt spheroids.
Surface enhanced Raman scattering (SERS) is unique among surface analytical techniques, for it combines high molecular information content with submonolayer sensitivity and it is not limited to vacuum!solid interfaces. j Because the largest part of the enhancement arises from electromagnetic effects, SERS studies using visible laser excitation have for the most part been restricted to Ag, Cu, and Au substrates. One of our longstanding goals has been to ascertain whether the limited set of surfaces to which SERS is apparently applicable is a fundamental limitation or whether it is a difficulty that can be overcome by appropriate experimental design. Several strategies have been devised for extending the utility of surface optical spectroscopy to "non-SERS" materials, including the development of ultra sensitive multichannel detection systems for obtaining unenhanced Raman spectra of subrnonolayers, and the modification of surfaces of non-SERS materials with small amounts of SERS-active metals. The former strategy has been successful,2 but the high laser powers and long spectral accumulation times which are required in these experiments would be proportionately reduced by exploiting any available surface enhancement. Moreover, the electromagnetic enhancement potential of non-SERS materials must be understood, lest the effects of any present surface roughness go unrecognized and unaccounted for. The latter strategy is also quite general,3 but suffers from the uncertainty in the extent to which the presence of SERS-active material perturbs the native properties of nOll-SERS surfaces.
In this paper, we introduce a third strategy for extending the generality of surface enhanced optical methods, which relies on the proper choice of controlled surface roughness and excitation wavelength for the substrate of interest, guided by relatively simple, but nevertheless, predictive isolated-spheroid electromagnetic calculations. Previous results with this model on several materials outside the a) Author to whom correspondence should be addressed, traditionally studied SERS set 4 predicted that they all would exhibit some surface enhancement, although for particles of experimentally attainable size and shape, the incident frequencies producing significant enhancements may not lie in the visible. For the metal studied here, namely Pt, one previous ca1culation,5 as well as our own (see Sec. II), predict modest but measurable enhancements at near-IR excitation. Small enhancements at visible frequencies on Pt are also theoretically predicted, but most previous investigations of the surface Raman spectroscopy of Pt have relied on the use of high surface area forms of the metaI,6(a).6(bl.6(f),6(1) formation of molecular multilayers,6(C),6(g)--<>(i),b(k),6(l) or on resonance 6 (a),6(c).6(g),6(i), "(I) or chemica1 6 (d) 6(f).6(h).6(j)-6(!) enhancements specific to the adsorbates. Most of these authors have explicitly recognized that electromagnetic enhancement on Pt plays at most a minor role in their experit , 6(d)-6(l) B I 1 I 1 . men s.
enner et a , ca eu ated e ectromagnetle enhancements for their colloidal Pt system under the LorenzMie formalism, which was only a factor of 2 larger than the experimental enhancement factor of 3 found for the [Pt(CN)4F-adsorbate.
6
(t) But they were reluctant to classify the measured effect as purely electromagnetic SERS, and speculated that a large chemical contribution (Le., resonance Raman enhancement from chemisorption-induced electronic states) was also operative. In short, unequivocal experimental evidence of electromagnetic enhancement on Pt is heretofore unknown.
Although Raman spectroscopy in the near infrared is now possible, 7 we did not have the requisite detectors at our disposal for this study. Instead, we have exploited the sensitivity of surface second harmonic generation (SHG) to small enhancements in the incident and scattered electric field induced by surface microstructure. 8 ,9 Because it is forbidden under the electric-dipole approximation in isotropic media, SHG is intrinsically sensitive to the symmetry-breaking surface layers which have a nonzero second-order nonlinear susceptibility. These properties have engendered many recent developmental studies of surface SHG as a gen-eral, in situ probe of surface structure and dynamics. The SHG signal intensity is not only sensitive to the enhancement of the incident and scattered radiation fields by roughened metals as in SERS;"'i but can also be related to adsorbate coverage lO ,12(i) ; SHG polarization analysis can also be used to elucidate adsorbate orientation 11 and substrate crystallographic orientation; 12 and the excitation frequency dependence of SHG intensity can however be used to track molecular electronic resonances.13 Boyd et al. have previously measured surface SHG enhancement factors, relative to that of Ag, for a variety of materials, but of the group VUIB metals, only Fe and Ni were included. 9 (d) In fact, to our knowledge there are no previous reports of surface enhanced SHG (SESHG) from Pt, although SHG has been recently used to monitor the adsorption of CO and H2 on single-crystal pte 1 I 1 ). lO(m) Fabrication ofPt microstructures was done with a laser microchemical etching method. Laser microchemistry comprises a range of photoinitiated etching, deposition, and polymerization processes currently being assessed for use in electronic and electro-optic microfabrication. \4 In the course of our work in this area,15,16 we observed that photothermal etching ofPt in a el 2 atmosphere produces regular surface ripples having a period on the order of the wavelength of the etching laser. These structures, created through interference of the incident laser beam and induced surface plasmon waves,17 are easily produced in a sman spot size, high irradiance laser microprobe. The SESHG enhancement factor, i.e., the ratio ofSHG intensities of micro structured Pt to smooth Pt, was then extracted from SHG images of the ripple structures, and shown to be in qualitative agreement with isolated-spheroid theory. SHG microscopy is also still in its infancy, despite the advantages of an intrinsically novel contrast mechanism and a theoretically higher resolution than would be attained by detecting the fundamental, at least for the lower spatial frequencies. IS Most of the few existing experimental papers report images of noncentrosymmetric crystals of high second-order nonlinear susceptibility, although one surface SHG image has been reported, consisting of a few line scans across a heterogeneous deposition of rhodamine dye on glass.
20 Therefore, the relatively high resolution SESHG images given below are also unique.
It THEORETICAL PREDICTIONS
Although the ripple patterns produced in our experiments look something like diffraction gratings (see Sec. IV A), they are irregular, and the determination of electromagnetic enhancement factors using theories developed for idealized gratings 21 would be difficult. A grating calculation would also be demanding because models based on perturbation theory2I(e) are inapplicable to the Pt features with measurable enhancements, which have a rather large amplitude microstructure. Since the laser spot never illuminates more than a few ripples at a time during the imaging experiment, the need to account for the collective effects of an infinite grating is not that pressing. Therefore, it is reasonable to estimate, albeit crudely, the magnitude of electromagnetic effects on rough Pt surfaces with the isolated spheroid model which has been used in earlier calculations."
The model is based on the solution of the static (Laplace) equation with electrodynamic corrections and inclusion of surface scattering effects in the dielectric constants. A prolate spheroid having major axis 2b and minor axis 2a with a constant field Eo appUed along the b axis is considered and the resulting field E is determined just outside the spheroid surface. The field enhancement factor R is taken to be the ratio of the squared local field IEI2 averaged over the surface to the square of the applied field 
R(w) = <IEI2)/E6<
The SESHG enhancement factor is then
Equation (2) is actually an approximation of the true SESHG enhancement factor since it accounts only for the dipole part of the emitted radiation field.l(gl,22 To model SESHG from Pt under conditions appropriate to the experimental work, we use dielectric constants appropriate for fw; = 1.17 eV (A. = 1064 nm),2:1 and we consider the semimajor axis b to have values in the range 0-500 nm with the aspect ratiob la varying from 1: 1 to 8: is due to radiation damping and depolarization that is typical for metal particles that are approaching the wavelength of light in size. The increase in S with increasing b 1 a for a given b is due to the stronger surface fields that arise from more prolate objects. Often, the dependence of field enhancements on b I a is determined by shifting plasmon resonance frequencies with particle shape, 4 but for Pt this does not seem to play an important role. This is demonstrated in Fig, 2 , which plots S vs fuu for particles having b = 200 nm, and indicates that S is strongly dependent on tutl but this dependence does not change significantly with b 1 a except for an overall scale factor. predicted to occur at eV. The maximum enhancement factor at 1,17 e V in Fig. 1 varies from 100 for b la = 1: 1-3200 for 8:1. To compare this with SESHG enhancements that have been measured on other, randomly roughened metals, we follow the procedure of Boyd et al. 9 (<I) and calculate the average of S over a distribution of b values between 10 and 200 nm and aspect ratios between 1: 1 and 20: 1 (each band b 1 a weighted equally). The enhancement factor resulting from this calculation is 1100. This is an order of magnitude smaller than a similarly calculated enhancement for In, which has the smallest enhancement factor of all the metals reported in Ref. 4(b) , and it is a factor of 10 4 smaller than that for Ga,4(bJ which is the strongest SESHG element experimentally reported so far? (d) In one related theoretical study,5 Cline et ai. performed full electrodynamic calculations of the field enhancement R for Pt spheroids of fixed 2: 1 aspect ratio. These results cannot be directly compared with ours, however, because they only report R for fwJ > 1.54 eV (A < 800 nm), and they also define R using the square of the local field at the tip of the spheroid, rather than the surface average. Nevertheless, linearly extrapolating R for b = 10 1 nm in their Fig. 6 to 1064 nm and applying, at their suggestion, a factor of 7 to simulate surface averaging, S = 3 X 10 2 is obtained. This is consistent with our results, a spheroid with b = 100 urn and b la = 2 having S = 3.4X 10 2 (see Fig. 1 ). To estimate an enhancement factor for the Pt microstructures studied here, we should average S in Fig. lover largerb (200-300nm) andsmallerbla (1;1-3:1) than considered above. Since the precise distribution of band b 1 a is not known, we wm not attempt to give a quantitative estimate, but Fig. 1 suggests that the value would be on the order of 10-100. This estimate is crude but adequate for our purposes. Although our model leaves out a number of effects such as the interaction between ripples and the influence of adsorbates, the model has been successful in making estimates of SESHG enhancements for other metals,4 and the comparisons made there suggest that the effects left out do not change the SESHG enhancement factor by more than a factor of 10. 
m. EXPERIMENTAL TECHNIQUES
Laser microchemical etching ofPt and SESHG imaging of the resulting microstructures were done in the laser microprobe system shown schematically in Fig. 3 . 24 A Spectra Physics 171-12 Kr ion laser, tuned to 647.1 nm, was used for the etching, the TEM!)o laser output focused to a l! e An 12 mm diameter X 2 mm thick polycrystalHne Pt disk of99.9 + % purity was mechanically polished from an initial fine grinding with Buehler 600 grit SiC paper, through 6 and 1 flm Buehler Metadi-II synthetic diamond pastes, then polished with 0.13 f1m B. W. Wallace Enterprises-Australia diamond Magi-Paste and finally with Buehler MasterMet colloidal Si0 2 • The disk was placed in the etching cell, which was then evacuated to < 10-3 Torr. Research grade Cl 2 gas was obtained from Matheson, purified by several freeze-pump-thaw cycles and distillations, then admitted to the cell and condensed in a cold finger at 77 K. The cell was then valved off, detached from the vacuum manifold, and mounted on the microprobe stage. When needed, the cold finger was warmed to 195 K to produce a 65 Torr C1 2 atmosphere in the cell, Etched lines were made by translati.ng the cell at various velocities with the 647.1 nm beam focused on the Pt disk at a total incident power of2.S W (corrected for reflection losses at the synthetic sapphire window). After etching, the Pt disk was ultrasonically cleaned in 2 M HeI, complexing and removing PtCl x products from the surface. After extensive rinsing in distilled, deionized water and spectrophotometric grade methanol, the etched Pt disk was replaced in the etching cell, which was again evacuated, valved off, detached from the vacuum line, and mounted on the microscope stage for the imaging experiments.
Reflectance and second harmonic images, taken with the laser beams at normal incidence, were acquired point-bypoint, scanning the stage Y axis at a known velocity and averaging reflected light or SHG intensity for a dwell time such that the stage movement equalled the desired pixel size. At the end of a line of pixels, the stage retraced its path before stepping a distance equal to the pixel size in the X direction to a new line, minimizing any laser-induced changes to the unimaged surface, Reflectance images were detected with a high-bandwidth Si photodiode circuit, interfaced to the computer acquisition system with a 100 kHz voltage-to-frequency converter. Modest laser powers, < 10 mW, were required, SHG images were detected by an RCA 8850 photomultiplier tube (PMT) and standard single photon counting electronics after first filtering out the reflected and scattered Nd:YAG fundamental with 3 mm thick Schott KG-3 glass, and further limiting the passband to 13 nm centered about 532 nm with a COrlon Corp. P-l0-532-R interference filter. With this filter pack, the attenuation of wavelengths outside the passband from 200 to 1100 nm was more than 10-4 • In order to keep image collection times reasonably short ( 40 min for a 128 X 128 pixel image, including overhead for the imaging raster ftyback), dwell times were limited to 100 ms. The average incident powers used for SHG imaging ranged from 260-450 mW (corrected for window loss), and were continuously variable with a 1064 nm half-wave plate/polarizing cube beamsplitter (PCBS) attenuator (see Fig. 3 ). For most of the images reported below, the 8850 PMT was mounted directly atop the microscope to achieve the best throughput of the SHG light. An optical fiber coupled to a scanning monochromator, described in Ref. 24, was used to check the spectral purity of the SESHG signal. In both reflectance and SHG detection, no polarization analysis of the output radiation was performed.
Following imaging, the Pt microstructure was characterized by stereo photogrammetry27 of micrographs taken with a Cambridge Instruments Stereoscan 200 scanning electron microscope (SEM). Atomic composition of the Pt disk was obtained through energy dispersive x-ray analysis (EDX) with a Hitachi S-570 SEM.
IV. RESULTS
A. Pt etching, morphology, and surface composition At a total incident power of 2.5 W, the peak irradiance in the center of a cw TEMoo mode with Wo = 2. 711.lm is 22 MW em -2. The maximum possible temperature rise on a smooth Pt surface can be estimated from a model due to Lax 24 (b),28 as Tmax 1600 K, which is more than sufficient
than the few hundred K temperature rise required for the formation of PtCl 2 and higher chlorides,29 and which is not quite enough, given an ambient temperature of -300 K, to rise above the Pt melting point of 2045 K. 30 The actual temperature of the surface during etching is difficult to assess, since the contribution of the heat of the etching reaction, mass transport of its products from the etching zone, the temperature dependence ofPt thermal conductivity, and the temperature dependence and modification of surface reflectance because of the etching are not taken into account by the Lax model. The quoted temperature rise could be in reality a lower limit.
-! Figure 6 shows SEM micrographs of several etched Pt lines that were written at different scan rates. At 50 pm S-I and higher, hardly any etching of the Pt surface is observed. At slower scan rates, the etching channel deepens and smooth ripples developed in the bottom, The ripple "k vector" is always paralIe1 to the direction of the laser's linearly polarized electric field vector E, as illustrated in the micrographs of Figs. 6 (b) and 7. In Fig. 7 (a), k and E are everywhere parallel despite the orthogonal etching scan directions used in the two halves of the micrograph. The etching scans on this surface were closely spaced enough to form a crude diffraction grating, which in the Littrow geometry with an incident 457.9 nm Ar+ laser beam yielded an average ripple wavelength of 520 ± 30 nm. In Fig. 7 (b) , a second etch line overwrote the first line with orthogonal scan and E directions; k for each line is orthogonal to the other. Finally, in Knife Position/ J.1m ysis,32 which also found traces of C, 0, and S, which are expected contaminants from the organic solvent cleaning step. During SHG imaging, a pure Pt surface should be undamaged by average Nd:YAG laser powers as high as 500 mW; even if this power were completely absorbed and converted to heat, the surface temperature rise at the center of the beam, according to the Lax model, would be 900 K, much lower than needed to melt Pt. 30 However, Fig. 8 shows SEM evidence that the surface is changed somewhat, at least at the higher end of the range of Nd:Y AG laser average powers that were used. At an average power of -450 mW (corrected for the cell window), the SHG imaging window is brighter (I.e., has a higher secondary electron emission) than the surrounding smooth Pt [see Fig. 8 (a) ]. However, higher magnification views, such as Fig. 8 (b) , which shows both imaged and unimaged portions of the surface, reveal no readily discernable differences in the microstructure, At lower average powers, the overall brightness difference is less pronounced [see Fig. 8(b) .
B. Second harmonic and reflectance imaging
Figure 9(a) shows the SHG image of a single rippled Hne taken for the first time with 430 m W of average power (corrected for the cell window) incident on the Pt surface. Figure 9 (b) is an SHG image of exactly the same area of the Pt, taken for the second time. The SHG signal intensities do not change in the second image from the rates measured in the first (see Table I ), seemingly indicating that little surface damage is done by the laser. It has been observed, however, that at this power level, repeated imaging (typically, more than five times) does eventuaHy degrade the SHG signal. The crosses in Fig, 9 indicate hot spots having an apparent SHG brightness roughly 10 2 times greater than the rippled (b) 487 ( 1) 1200(10) 450.9(7) 311.9(3) 6.44 (9) 14(c)
SOO ( 1) line. Comparison of the SHG images of a given Pt sample with SEM micrographs of its surface shows that the hot spots are associated with the craters pointed out in Sec. IV A. Because the SHG signal from smooth and rippled Pt is so weak we applied several tests to show that the signal was indeed SHOo The first test is shown by Fig. 10 , which is an example of the typically weak but measurable spectra of the SHG radiation that could be consistently obtained with the Nd:Y AG laser held stationary on a rippled Pt area. The next test was the dependence of the intensity ofthe SHG signal on laser power. In Fig. 11 line and each image is taken at a different average laser power at the cell window ranging from 520 to 330 mW (corresponding to mW at the Pt surface). The 532 urn background signal rate was counted for 512 s several times during the acquisition of these images by translating the cell such that the laser beam propagated through the central hole of the sample tray and out the bottom cell window. The height of the cell was maintained such that the laser waist remained at the same level as the Pt disk; thus, the beam was neither strongly focused on the top sapphire window nor on the bottom fused quartz window. As can be seen in Fig. 12 , the circles representing the 532 nrn background measured in this fashion have a linear dependence on the laser power. If there is any contri.bution from SHG on the optical surfaces bpass = 0.125 nm Power/mW 550 in the experimental system to the background signal, it is overwhelmed by the linearly increasing contribution, which comes from the laser's high-pressure Kr pump lamp, and a constant contribution from stray room light and the intrinsic dark rate of the PMT. The squares in Fig. 12 plot the power dependence of the SHG signal rate from the entire image area in Fig. 11 , corrected for the background rate (see the (fa > and Ib entries of Table I ). The power dependence is nonlinear, although the solid line fit to the expected quadratic power law is not overwhelmingly good.
There is a sman systematic error in our experiment, as it is run with the laser at normal incidence. Since there is a small amount of 532 urn light in the unfiltered 1064 nm beam, any contrast seen in a 532 nm image of the Pt surface could merely be the result of the differential reflectance of this contaminating component. To put this concern to rest, in Fig, 13 we show a reflected green light image of a raster pattern ofPt rippled lines. The lines are less reflective at the SHG wavelength than the polished Pt surface. This is a rather obvious result, but it shows that our basic finding, that more SH radiation is generated on the ripples, still holds, Neglecting this systematic error lowers the estimate of the enhancement factor, as more of the reflected light signal comes from the smooth Pt, rather than the rippled Pt (see Sec. IV C).
The final test is not a measure of the authenticity of the SHG signal itself, but shows that the ripple structures are indeed the source of the enhanced SH G when the laser is all a rippled line. In Fig. 14 , several SHG images of the closely spaced pattern of etched lines in Fig. 6 are shown. The Pt disk was physically rotated before each image was taken, producing a different angle n of the Nd:YAG laser E vector with respect to the rippie k vector. In Figs. 14(a) and 14 (b) , n was kept constant to show that with the lower average power levels used for these images (340 m W, corrected for the ceil window) the total SHG signal from the surface is constant (see Table 0 . In fact, in Fig. 14(0, where nearly the same area was imaged for the sixth time, the SHG signal rate from the entire image decreased by only 2.6%. Part of this apparent decrease comes from the sensitivity of SHG from the ripples to the value of n; if the SHG rates from smooth Pt only is compared, the decrease is only 2.1 %, >. 
C. Estimation of the SESHG enhancement factor
The experimental rippled/smooth SESHG enhancement factor, Scxp, is not a highly reproducible number from sample to sample and there is some deviation in from different etching areas on a single Pt disk. Because the production of the rippled surfaces is not yet a completely controlled process, this is not surprising, and it is, therefore, prudent to report Sexp for several cases. Since the Pt surfaces are not homogeneous throughout their smooth and rippled areas, and because of small, uncorrected fluctuations in average Nd:Y AG laser power over the course of image acquisition, it is best to average the intensity of pi.xels corresponding to rippled and to smooth Pt and take the ratio (3) where (Ir ) is the average counting rate from the ripples, <Is ) is the average counting rate from smooth Pt, and lb is the background counting rate. The operation of Eq. (3) is illustrated by Fig. 16 , which plots one vertical line scan extracted from the SHG image in Fig. 14( a) . (I, ) is the average value of the baseline where there is smooth Pt, while (Ir ) is the average value of the peaks where there is rippled Pt. Both values are corrected for the 532 nm background signal Ib (see Sec. IV B) before dividing to get the enhancement factor. We used the image processing procedure detailed in Ref. 24(b) to obtain averages from the entire image, not just from one line scan. Table I is a compilation of (Ia) (the average SHG counting rate from an entire image), (Ir ), (1, ), !b' and S,,,p' for the SHG images in Figs. 9, 11 , and 14. The numbers in j i l . Fig. 14(a) illustrating the definitions of (I,), (I,) , and In (see the text). This vertically running line scan is approximately 30 /-lm from the left edge of the image in Fig.  14(a) .
parentheses are estimated standard deviations of the mean (esdm) in the final digit of the entries of Table I . For lb' the esdm is the square root of the total counts, scaled to Hz in Table I , as is appropriate for a counting experiment. 33 For (J r ) and (I, ), the assumption of Poisson statistics would not be valid, since we are averaging over the heterogeneous distribution of surface defects on the rippled and smooth parts of the Pt surface. Thus, in Fig. 9 , the peak of the image histogram, which corresponds to smooth Pt pixels, is slightly broader than the Poisson distribution that reproduces the experimental mode, and the esdm is therefore calculated based on the assumption that a Gaussian distribution of errors underlies the measurement. 33 The uncertainties in the Sexp were obtained from standard propagation of errors treatment ofEq. (3 ).33 For images where k is nearly paranel to E, Sexp ranges from 2.5 to 16.8, which is a larger range than is to be expected from the uncertainties assigned to these measurements. The causes of such variability in Sexp will be explored in Sec. V D.
V. DISCUSSION

A. Mechanism of ripple formation
The inviolate rule that the ripple k is always parallel to the etching laser E demands a subtler explanation for the formation of the ripples than, for instance, the dynamic freezing theories that have appeared in the literature. 14(c) In fact, despite a predicted maximum temperature rise that is close to the Pt melting point during etching, there is evidence that the Pt surface is never liquid. In Fig. 7 (b) , the ripples left by the first line are not completely obliterated by the second, as would be likely if the Pt were molten during etching. Moreover, the ripple wavelength has no scan velocity dependence, and a dynamic freezing mechanism does not explain the formation of ripples with k perpendicular to the scan direction, as in Fig. 6 .
A mechanism which is consistent with the observed k dependence on E is that the ripples are produced by the interference of the incident radiation field and a surface plasmon wave excited by the incident field. 16.17 This interference produces a spatially oscillatory magnitude of the Poynting vector at the surface (proportional to the power transport into the surface) modulated along the direction on the surface parallel to E, producing an oscillatory temperature rise and a correspondingly oscillatory etching rate. While the initial surface plasmon wave can gain energy from the incident beam by coupling through any random surface defect, the periodic ripples, once formed, are a phase-stable source for the surface plasmon waves. Siegman and Fauchet have recently reviewed the theory of this phenomenon and many of the diverse experimental systems in which ripple structures are observed to form. 17 80 AuthentiCity and stability of Pt SHG In spite of its low intensity, there can be little doubt that the 532 nm light signal from our Pt surfaces is indeed SHOo Spectra like Fig. 10 show that the purported SH radiation has the correct wavelength. The width of the SHO peak is essentially the same as the monochromator bandpass, which is much narrower than would be expected were the signal actually multiphoton luminescence.,o(j) For the same reason, the signal is also not merely the result of black-body radiation from the heated Pt. The black-body curve in Fig.  10 , calculated to reproduce the average baseline counting rate of the spectrum, required an absolute temperature of 1100 K. The fit to the experimental spectral background is not that bad, although the background in Fig. 10 clearly does not rise at longer wavelengths as does the black-body distribution. Experimentally, however, the spectral baseline is nearly the same as the intrinsic dark rate of the PMT; thus, the actual Pt temperature must be drastically lower than 1100 K. This experimental upper limit to the local Pt temperature is sensitive to the estimated sampling area of the microprobe (taken to be -30 jlm 2 , the area covered by the Nd:YAO beam at the Ve 2 radius) and the estimated overall photon detection efficiency (generously taken to be 0.01). SmaUer estimates for either of these quantities would raise the upper temperature limit.
A nonlinear trend in the plot ofSHO signal intensity vs average laser power (Fig. 12) is discemable, even though the quadratic fit is poor. The scatter in the sparse number of data is probably largely the result of imaging a fresh section of the rippled line at each laser power. The homogeneity of the ripples and the smoothness of the smooth Pt is not yet under complete control, so variation in the total SHG signal from area to area is expected. Note that the enhancement factors for the variable power images (see Fig. 11 and Table I ) are nearly constant, as is expected.
The Pt surfaces in this study are not completely unperturbed by the SHG imaging conditions. As noted in Sec. IV B, damage to the SHG signal itself occurs only after repeated imaging of the same area at the high end of the range of average powers used. However, as noted in Sec. IV A, subtle changes to the Pt morphology are seen in SEM micrographs at this high power level. The bright rectangular patches on the Pt surface left by the imaging raster [see Fig.   8 (a) J are probably the result of the removal of surface impurities by local heating, with a resulting overall increase in the secondary electron emission probability for the imaged surface. It is also possible that changes to the Pt ture on a scale smaller than is resolvable with our SEM are caused by the imaging laser which could also enhance ondary electron emission. As the average imaging laser power was lowered, the overall brightness difference between imaged and unimaged portions of the Pt surface decreased [see Fig. 8(a) J. But, with lower power comes lower absoiute SHG signal intensity, until it becomes difficult, as the images in Figs. 11 (d) and 11 ( e) attest, to produce any contrast, as the smooth and rippled Pt SHG signals become comparable to the noise. Attempting to increase the image SIN ratio at low power by increasing the integration time per pixel would lead to unreasonably long total image acquisition times. This is a dilemma posed by the SHG technique that has been previously recognized 20 : while increasing irradiance (either by increasing the laser power or decreasing the laser's spot size) certainly increases the nonlinear SHG signal, in doing so one may quickly reach the surface damage threshold. Although surface damage is very nearly a serious problem for the Pt system studied here, the situation may not be so precariously poised for SHG imaging of other cned metal surfaces for the following reasons: (1) other metals have higher reflectances than Pt/' which would ameliorate the heating problem; (2) other metals are better heat conductors than Pt,30 again lessening the heating problem; (3) as pointed out in Sec. II, Pt is one of the poorest known SHG enhancers (at least at A e , = 1064 nm), so for other metals lower irradiance would be needed to achieve equivalent SIN ratios; and (4) there is no reason that one must excite and observe at normal incidence: at the cost of lower laser spot resolution in one direction, an off-normal geometry with the proper input polarization can, in favorable cases, produce larger SHG intensities. 34 As for the not so subtle cratering that occurs at random locations within an SHG imaging window on the Pt surfaces pointed out in Sec. IV A, we do not know at this time whether these craters originate from melting events at localized, highly absorbing impurities, from heating of face gas inclusions, or from some other uncontrolled cause. We also do not know if the high apparent SHG intensities associated with these areas of uncontrolled roughness are a result of true SHG, if the craters are simply heated to such a degree that significant black-body emission in the green occurs, or if the possible chemical contamination at these sites produces an intrinsically higher second order nonlinear susceptibility than the rest of the Pt surface.
c. Pt SESHG dependence on polarization and etch line morphology The dependence of the Pt SESHG signal on the angle n between the ripple k vector and the imaging laser E vector is a crucial result, because this behavior proves that the enhancement is almost purely electromagnetic, so chemical mechanisms that complicate the interpretation of SERS hancement factors need not be considered. To see why this is true, we first note that for a perfectly isotropic, semi-infinite solid in contact with the vacuum, there is no dependence of the SHG signal on the relative angle ofE when the excitation laser beam is at normal incidence; indeed there should be no SHG signal at all, since the E vector never oscillates in thing but a medium that is symmetric about the plane perpendicular to E. 34 For the surfaces of most real materials, however, there will be a variety of asymmetric surface reconstructions, adlayer structures, and the fundamental anisotropies ofthe unreconstructed surface second-order and crystal third-order susceptibilities, all of which produce observable SHG at normal incidence and observation, even when the substrate material is a cubic, centrosymmetric, gle crystal. 12 (d) ,lZ(h).12(i).34(c) There have been many elegant demonstrations of these anisotropies through the study of SH intensity dependence on the direction of linear tion of the input laser. IO(n).12 As a general rule, at normal incidence, little SHG is observed when the incident E vector oscillates in a direction perpendicular to planes of mirror symmetry in the structure of the surface layers.
Our polycrystaHine, mechanically polished, and photothermally etched Pt surfaces are hardly as easy to describe as the single crystal systems that have been the focus of the studies of Refs, 10 (n) and 12. There can be no doubt thatthe surfaces layers of the smooth areas contain a high density of defects such as grain boundaries, Pt atom addusters. residual polishing scratches, as wen as adlayers of foreign material, residual Cl from the etching, and C contamination from the atmosphere, which through their symmetry breaking and their contribution to the surface electronic states aU ute to an effective interfacial second-order susceptibility .
. 15 The precise structure would be difficult to describe or measure, but it can be assumed with confidence that the entation of the asymmetries associated with a given set of surface defects which happens to fall under the laser spot any time is sufficiently random that no marked dependence on the E vector direction should be observed. This is true experimentally, as can be seen by comparing the \I, ) entries for Figs. 14(a)-14(f) in Table 1 . The smooth Pt surface is isotropic on the scale of the width of the excitation laser spot size, but on a microscopic scale it is locally anisotropic enough to produce a measurable SHG signal, even though a geometry of normal excitation and detection was used.
There should be, however, a marked dependence of the enhancement of the SHG signal on the direction of E with respect to the ripple k vector:
where Smax is the maximum S that obtains when E and k are perfectly parallel. The cosine is raised to the fourth power because the strength of the radiated SH wave depends on the square of the incident laser power, and hence on the fourth power of the incident electric field amplitude. The solid line in Fig. 15 is a fit of our admittedly sparse data to Eq. (4). The agreement is nonetheless good enough that attributing the enhancement to the presence of the etched Hne is an indisputable conclusion. Moreover, since we are able to nearly completely extinguish the contrast between the rippled and smooth areas when ft-90· [see Fig. 14(d) ], there is no significant difference in on the rippled areas and the smooth areas [compare the (fa ) entry for Fig. 14 ( d) in Table I with the (Is> entries for the other images of Fig.  14] .
It is vitally important that is equal for both the rippled and the smooth areas, because the intensity of the SHG radiation I sno is governed by the proportionality (5) where the symbol Ix!;;!' I represents the susceptibility tensor contracted with the un enhanced components of E, foHowed by the necessary operations 8 ,34 to convert the resulting polarization at 20 to the radiated SHG intensity. In our calculation of Sexp with Eq. (3), we are, in effect, taking the ratio Sexp = ISHG.rIISHG, s = (6) where subscripts rand s indicate rippled and smooth Pt, respectively. This ratio collapses to S" which is the value we want to know, if the smooth Pt surface enhancement S3 is unity (an assumption that is probably not strictly true; see Sec. V D), and if the ratio of the interfacial susceptibilities is also unity. We have shown that this latter condition holds experimentally, and that the symmetry and magnitude of the ponents of depend on the defect structure of the Pt surface, which in a broad sense can be called the chemical structure of the interface. As there is no difference in this intrinsic SH generating capacity between the rippled and smooth Pt, there is no chemical mechanism component to Sexp as in SERS. The experimental enhancement factor is, therefore, a consequence of purely electromagnetic effects, which is the conclusion we sought to justify.
IsHGaS
As for the Pt SESHG dependence on the etch line morphology, Fig. 6 (a) clearly shows that lines etched at 20 f.lID S -I and higher do not develop ripples. Indeed, the Pt surface is barely altered, which explains why no contrast from these lines is observable in the SHG images in Fig. 14. There appears to be well developed ripples on the 5 and 10 f.lm S-l etched lines, but the SHG contrast for the former is barely visible, and that for the latter is nonexistent. One explanation for this effect is that the ripple aspect ratio is not as well developed at higher etching scan rates, which would tend to make S small (see Figs. 1 and 2) , However, grammetric measurement of stereo pairs as in Figs. 6(b) and 8 (b) are at present inconclusive to the detailed ripple profile. These measurements do show, as is obvious when the stereo pairs are viewed in 3D, that the two etched lines producing measurable contrast are fairly deep channels belOW the level of the surface; the photogrammetry yields a value for the deepest channel (etched at 2.5 11m s -1) that is at most 500 nm. In addition to the electromagnetic enhancement from the ripples, it is possible that there is a contribution from the relatively sharp corners of the channel, or from an effective optical cavity formed by the channel. The former contribution is not a dominant one, as we would expect the SHG line scan perpendicular to the channel in Fig. 16 to show two maxima corresponding to the edges of the channel, rather than the single central maximum at the center of the channel. The presence of an "optical cavity" is also not necessary to observe SESHG, as high contrast SHG images are observable from Pt surfaces prepared as in the upper-right half of Fig. 7(a) , where such channels have been obliterated by closely spaced etching.
D. Pt SESHG enhancement factor preciSion and comparison with theory
As mentioned in Sec. IV C, some of the variability in Sexp from sample to sample and from area to area on a single sample is a consequence of the incomplete control we as yet have over reproducing exact copies of smooth and rippled Pt structure by the etching method. The deviation in Sexp shown by images taken at low average laser powers or at an angle n where the SHG contrast is low should be discounted because the spatial averaging method 24 (b) is more inaccurate the lower the image contrast (such cases are denoted by double asterisks in Table I ), Most of the deviation in the S exp specifically reported in Table I is actually expected because of the different scan rates used to etch the lines in Figs. 9, 11 , and 14. The line in Fig. 9 was etched at 2.5 flm S-I; in Fig.  11 , 5.0 f.lm S-I; and in Fig. 13 , two lines are observable which were etched at each of these rates. As discussed in Sec. V C, the more slowly a line is etched, the better its SESHG contrast. So it is expected that Sexp for the images of Fig. 9 , which have the highest Sexp, and that for the images of Fig. 11 , which have the lowest Sexp; inspection of Table I shows that this is the experimental finding.
The average ripple wavelength derived from optical diffraction, 520 nm, shows that a semimajor axis b in the neighborhood of 200-300 nrn is not an unreasonable number to use in modeling the ripple structures as isolated spheroids with major axes parallel to the Pt surface plane. Although the stereo photogrammetry did not allow the direct ruination of the ripple profiles, an aspect ratio b la of3: 1-2:,1 does not seem unreasonable either. This puts our experimental Sexp near the lower end of the scale for S of 10-100 that was shown to be theoretically reasonable in Sec. n. This level of agreement should be considered good, inasmuch as the establishment of any electromagnetic enhancement by Pt microstructures in the near infrared is the major point we sought to show. It should also be noted that our Sexp must be considered lower limits because of the systematic (but small) error in accounting for the 532 nrn background discussed in Sec. IV B, and because the assumption that Ss = 1 in Eq. (6) is not strictly correct. The smooth Pt areas doubtlessly contain a low but finite density of relatively large-scale defects (residual polishing scratches, for example) that support electromagnetic enhancement. Thus, (Is> is higher than it would be if the smooth Pt was populated only with the microscopic defects that contribute to and Sexp is therefore underestimated.
VI. CONCLUSIONS AND OUTLOOK
We have shown that SHG imaging with a scanning laser microprobe vividly demonstrates the existence of electromagnetic enhancement in the near infrared on laser microfabricated Pt surfaces. The result points the way to the exploitation of surface enhanced spectroscopic methods on a wide range of metal surfaces outside the traditionally studied SERS set; the guidance of simple yet predictive theory to the proper choice of incident frequencies and the means to duce the requisite microstructures are the keys. The SHG imaging techniques that have been developed in this work wiH undoubtedly provide a novel tool for the study of a wide range of interfacial structures. The rather extreme imaging conditions required to observe SHG from Pt can easily be moderated in specific cases, making the method truly nondestructi.ve. The obvious extension of this work to other materials, mostly transition metals that are predicted to enhance in the near infrared, is an ongoing project in our laboratory. Future acquisition of infrared Raman instrumentation 7 and laser sources will allow us to study SERS on previously inaccessible substrates, and to extend surface enhanced methods to still other surface nonlinear spectroscopies, such as the recent sum-frequency generation experiments of Shen and co-workers. 36
